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A visual search task was used to investigate the spatially parallel coding of depth from binocular disparity and from binocularly
unmatched features. Experiment 1, using disparity noise, showed that detectability is higher for illusory phantom targets deﬁned by
unmatched features than for disparity-deﬁned targets, although the two targets were equated as to theoretically minimum depth.
Experiment 2, using binocularly unmatched noise whose width was equal to the disparity of the noise used in Experiment 1, showed
that noise severely interferes with the detection of both the disparity and the phantom targets. These results are consistent with the
idea that the greater depth seen with phantom stereopsis is coded at the early stages of visual processing.
 2005 Elsevier Ltd. All rights reserved.
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Stereopsis, three-dimensional perception from binoc-
ular information, requires the visual system to code
interocular stimulus-diﬀerences into depth. Recent psy-
chophysical studies suggest that stereo depth is coded
not only with binocular disparity but also with binocu-
larly unmatched features (e.g., Gillam, Blackburn, &
Nakayama, 1999; Gillam & Nakayama, 1999; Nakay-
ama & Shimojo, 1990). Quantitative depth from dispar-
ity is coded by applying a correspondence constraint for
binocularly matched features for a given vergence angle,
while that from unmatched features is said to be coded
by applying a minimum-depth constraint (Gillam,
Cook, & Blackburn, 2003). The second constraint refers0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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cally possible solutions, and its operation is found for
da Vinci stereopsis and for monocular-gap stereopsis
(Cook & Gillam, 2004; Nakayama & Shimojo, 1990;
Pianta & Gillam, 2003a). Speciﬁcally, perceived depth
is quantitatively predictable by the separation between
an occluder and an adjacent unmatched element (da
Vinci stereopsis) or by the width of the unmatched
gap1 (monocular-gap stereopsis).
A theoretical puzzle regarding the minimum-depth
constraint is the depth seen with phantom stereopsis
(an illusory occluding surface is perceived when a pairstereopsis is inﬂuenced by the disparity of outer binocular edges
(Pianta & Gillam, 2003b). Taking this ﬁnding into account, monoc-
ular-gap stereopsis reﬂects an integration process for disparity and






Fig. 1. Targets and distractors used in Experiment 1. For crossed
fusers, a binocular fusion of left-column and center-column images
represents the near condition; a fusion of the center-column and right-
column images represents the far condition. Depth from the disparity
of binocularly matched features is shown in (a); Depth from
binocularly unmatched features is shown in (c) (phantom stereopsis):
Since the monocular portions are neither a displacement of the line nor
an additional element, each of the monocular portions had no matched
part.
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the geometry of binocular occlusion). A stimulus that
produces phantom stereopsis is shown in Fig. 1c. Psy-
chophysical measurements with disparity probes indi-
cate that the minimum-depth constraint does not
operate for phantom stereopsis: the perceived depth be-
tween a phantom occluder and its background is greater
than the minimum depth predicted by the width of its
monocular elements2 (Gillam & Nakayama, 1999;
Grove, Gillam, & Ono, 2002; Kuroki & Nakamizo,
2004).
A question examined in this study is whether or not
the greater depth seen with phantom stereopsis is coded
at the early stages of visual processing. This question is
raised because using monocular-gap stereopsis, Pianta
and Gillam (2003a) suggested (a) that early stereo pro-
cessing is involved in generating depth from disparity
and from unmatched features and (b) that the mini-
mum-depth constraint operates at the early stages (i.e.,
the width of unmatched regions are treated like a dispar-
ity magnitude). There are two possibilities for the rela-
tion between the violation of the minimum-depth
constraint and phantom stereopsis. One possibility is
that the minimum-depth constraint operates for phan-
tom stereopsis at the early stages, and then subsequently
a greater depth is assigned to the surface seen with phan-
tom stereopsis at a higher stage. For example, attentive
eﬀects, resulting from higher-order visual processing,
might create the greater depth seen with phantom stere-
opsis. That is, visual attention enhances the perceived
intensity of a visual feature (Carrasco, Ling, & Read,
2004) and somehow increases the depth magnitude.
The other possibility is that the minimum-depth con-
straint does not operate for phantom stereopsis at the
early stages: the greater depth is coded at the early stages
and is maintained throughout the later stages.
To examine whether the greater depth seen with
phantom stereopsis is coded at the early stages of visual
processing, the present study used a visual search task.
In this task observers were asked to monitor a large por-
tion of the visual ﬁeld and to detect a target presented at
an unpredictable location among spatially distributed
noise (and distractors) (e.g., Palmer, Verghese, & Pavel,
2000; Treisman & Gormican, 1988; Wolfe, 1994). Re-
cent visual search experiments have employed a short-
exposure-duration display (e.g., Dosher, Han, & Lu,
2004) to prevent higher-order eﬀects. These studies have2 Gulick and Lawson (1976) reported a stereoscopic illusory occluder
with stereograms composed of a dot matrix, in which particular
columns of dots are removed in accordance with occlusion geometry.
Although some of them are very similar to phantom stereogram
proposed by Gillam and Nakayama (1999), Gulick and Lawsons
stereograms contain possible matching elements, and the magnitude of
its depth can be predicted by their disparity. We do not therefore treat
them as an example of depth purely based on unmatched features.shown that a variability of detectability (d 0) of the target
is explained by spatially parallel processing of the target
and the noise. For example, Eckstein (1998) reported
that a decrease in d 0 caused by increasing the number
of distractors is quantitatively predictable by visual
information at diﬀerent locations being processed at
the same time, not by attentional serial scan. And early
visual processing is known to be spatially parallel (e.g.,
Lennie, 1998). Although it remains an assumption that
early visual processing can be examined by the visual
search paradigm (see Joseph, Chun, & Nakayama,
1997), this assumption is still frequently used to catego-
rize visual processing (e.g., VanRullen, Reddy, & Koch,
2004).
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tom target, each of which was brieﬂy presented at an
unpredictable location within the visual ﬁeld. In the
two experiments, each target was simultaneously accom-
panied by disparity noise or by binocularly unmatched
noise (Experiments 1 and 2, respectively). In Experiment
1, by systematically varying the disparity of noise dots,
we intend to show that the greater depth seen with phan-
tom stereopsis yields a higher d 0. In Experiment 2, by
varying the width of the unmatched noise, we intend
to show that the results of Experiment 1 are not ex-
plained by two independent stereo systems, one for dis-
parity and another for unmatched features.2. Experiment 1
Experiment 1 compared d 0 for the phantom target
with that for the disparity target; the width of the un-
matched elements of the phantom target was equated
with the binocular disparity of the disparity target
(8.8 0). The target and the distractors were discriminable
with binocular vision; the distractors had neither dispar-
ity nor unmatched elements (Fig. 1). These items were
simultaneously presented with disparity noise composed
of random dots (Fig. 2), and the magnitude of the dis-
parity was varied. Independent variables were target
type (disparity, phantom), the depth direction of the tar-
get and the noise (near, far) and the disparity of the
noise (0 0, 8.8 0, 17.6 0); the dependent variable was d 0
(detectability). The disparity of the noise ranged from
zero to twice as large as that of the disparity target
and therefore was expected to enhance d 0 changes
caused by the disparity noise.Fig. 2. Examples of a target-present display (noise disparity, 8.8 0 in the experi
the left and center images represents the near condition; a fusion of the cente
condition. (b) The phantom-target condition.As noted in Section 1, the visual search task with
short-exposure duration is useful in examining spatially
parallel processing. Because higher-order processing,
such as attentional serial scan, is considered as requiring
about 100 ms/item (Woodman & Luck, 2003), the expo-
sure duration of 53–160 ms (adjusted for each observer)
used in the experiment prevented attentional scan and
eye movements. If the minimum-depth constraint oper-
ates for phantom stereopsis at the spatially parallel stage,
then the values of d 0 are expected to be the same for the
phantom and the disparity targets. However, if the
greater depth seen with phantom stereopsis is coded at
the spatially parallel stage, the value of d 0 for the phan-
tom target is expected to be higher than that for the dis-
parity target, because a greater depth signal will increase
the signal-to-noise ratio in the stereo-depth dimension.
To check that detection in our task is based on depth,
and not on unmatched regions themselves, d 0 was mea-
sured for (a) a conﬁguration where the target and the
noise were presented in front of the ﬁxation plane (near
condition) and for (b) a conﬁguration where they were
presented behind the ﬁxation plane (far condition).
Detection of stereo depth is known to be easier for near
targets than for far targets (e.g., OToole & Walker,
1997). Thus, if detection in our task is based on depth,
d 0 is expected to be higher in the near condition than




Eight observers participated in Experiment 1. All
observers were naı¨ve as to the purpose of the experiment,mental setting) in Experiment 1. For crossed fusers, binocular fusion of
r and right images represents the far condition. (a) The disparity-target
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was obtained from all observers. All had normal or cor-
rected-to-normal vision. Before the experiment, to check
the binocular fusion of the stimuli with the stereoscope,
observers were required to report whether Nonius lines
in the stimuli were aligned. Because one observer could
not fuse the stimuli, she was replaced by an alternate
observer.
2.1.2. Apparatus
A personal computer (Apple iMac DV 400 MHz) was
used to generate stimuli and to collect data. Stimuli were
presented on a 17-inch CRT monitor (Nanao EIZO
FlexScan T550) through a mirror stereoscope (SOKKIA
MS16). The experiment was conducted in a darkened
room. The region outside the stimulus area was masked
to prevent accidental interocular diﬀerences in lumi-
nance.
2.1.3. Stimuli
All targets and distractors were composed of bright
(luminance, 4.8 cd/m2) and dark (0.1 cd/m2) vertical bars
(width, 8.8 0 of visual angle; length, 1.75 of visual angle)
presented on a gray background (2.6 cd/m2). The two
vertical bars were separated by 1.51. Targets had ste-
reoscopic depth, and two types of target were used: dis-
parity and phantom targets. For the disparity target, the
central portion (length, 0.88) of the vertical bars was
horizontally displaced by 8.8 0 so that these parts ap-
peared in front of (or behind) the ﬁxation plane3 (Fig.
1a). For the phantom target, the displaced parts of the
disparity targets were simply removed so that a binocu-
larly visible illusory surface appeared (Fig. 1c). The rea-
son we used one light bar and one dark bar relative to
the background, instead of two dark bars as used in
Grove et al. (2002), was to avoid pop-out eﬀects based
on luminance contrast caused by same-polarity elements
inducing subjective contours (Davis & Driver, 1994).
Since the bar width was equal to the binocular disparity
of the disparity target, the geometrical minimum depth
for the phantom target was equal to that of the disparity
target. All the distractors had neither disparity nor any
interocular contrast diﬀerence. Some of the distractors
were monocularly indistinguishable from the target
(Figs. 1b and d).
For both the disparity and the phantom targets, the
depth direction (near or far) of the targets was manipu-
lated by interchanging the left- and right-eye images.
For the sake of convenience, we label this inter-3 Phenomenologically speaking, subjective contours may appear for
the disparity target as well as for the phantom target. We believe that
the contours themselves have no essential eﬀect on d 0 because the
results for the disparity target were quite diﬀerent from those for the
phantom target. See also Section 2.2.2.changed-image condition as far condition for both the
disparity and phantom targets, although in the far con-
dition this label does not reﬂect the percept in the phan-
tom conﬁguration (i.e., a phantom surface is not
perceived when occlusion geometry is not satisﬁed, as
shown by Gillam and Nakayama (1999)).
For each trial, six items (the target and the distrac-
tors) were presented at six locations whose eccentricity
was 4.9 of visual angle. The six items had an equal in-
ter-item distance. Throughout each trial (except for the
response-feedback interval), the ﬁxation cross constitut-
ing Nonius lines surrounded by a small circle (diameter,
0.97 of visual angle) was presented on the center of the
display. The items and the ﬁxation cross appeared on a
gray disk-shaped region (diameter, 23.2 of visual an-
gle); the outer region (24.6 · 24.6 of visual angle) of
the disk was ﬁlled with binary zero-disparity random
dots (1.4 or 3.7 cd/m2) to facilitate binocular fusion of
the stimuli (Fig. 2). In target-present trials, one target
was presented at one of the six locations, and ﬁve dis-
tractors were presented at the other locations. In tar-
get-absent trials, all items were distractors. For each
target condition, the distractors were randomly chosen
from the four types (Figs. 1b and d).
We presented the search display simultaneously with
variable stereo noise, by adding spatially distributed
random dots that had binocular disparity. Each of 512
dots subtended 11.7 0 · 11.7 0 of visual angle. Half of
the dots had zero disparity, and the other half had a dis-
parity of 0 0, 8.8 0, or 17.6 0; the depth direction was the
same as that of the target. Examples are shown in Fig.
2. The luminance levels of the dots were the same as
those of the bars. The dots were randomly positioned in-
side an imaginary circle (diameter, 17.6 of visual angle),
except for the six item locations and the ﬁxation cross.
Accidental formation of binocularly unmatched dots
was avoided.
2.1.4. Procedure
The observers task was to report whether or not a
stereoscopically deﬁned target was presented at one of
the six possible locations (yes–no task), while keeping
their eyes on the ﬁxation cross. Observers responded
by pressing the 1 or 3 key (target present or target ab-
sent, respectively) with their right hand and were not re-
quired to make speedy judgments. The target was
presented in half the trials; the order of target-present
trials and target-absent trials was randomized.
To facilitate binocular fusion of the search items, six
placeholders (Davis & Driver, 1994), six pairs of the light
and dark vertical bars which contained neither gap nor
displacement, were presented for 500 ms before each
search display. The exposure duration of the search dis-
play for each observer was determined by four or more
practice blocks, with the use of a weighted up-down
staircase method (Kaernbach, 1991). By using this pro-
4 This was also conﬁrmed with the data from individual observers.
For each observer we calculated the two parameters, except for
conditions in which we cannot calculate the estimates because of its
data trend (two and one observers for the near and the far conditions,
respectively). In both the near and the far conditions, target depth
estimated with d 0 for individual observers was signiﬁcantly greater for
the phantom target than for the disparity target [paired t test (two-
tailed), t(5) = 3.30, p < .05; t(6) = 3.40, p < .05, respectively].
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in detectability. In these practice trials, as well as in
experimental trials, all targets were tested in separate
blocks. For each observer, the exposure duration was
constant for diﬀerent targets. Across the observers, the
duration ranged from 53 to 160 ms (average, 101 ms).
After the disappearance of the search display, only the
ﬁxation cross remained until the observers response.
Feedback on an incorrect response was given by a tran-
sient change (500 ms) from the cross to a horizontal bar.
This feedback sign was followed by the ﬁxation cross
(1200 ms); then the next trial began.
One experimental block was comprised of 36 trials (2
target presence · 3 noise disparity · 6 target location).
Each observer completed 12 blocks, three repetitions
of four target conditions: target type (disparity and
phantom) by depth direction (near and far). The block
order was quasi-counterbalanced across observers. In
the beginning of each block, the observers received fro-
zen search displays in order to inform them of the target
used in that block. In addition, before each of the four
target conditions, the observers received 18 practice tri-
als with the same duration (determined in the preceding
practice blocks) as that of experimental trials.
2.1.5. Data analysis and model
The unit for the data analysis was detectability, d 0
(e.g., Macmillan & Creelman, 1991), computed for
each condition and for each observer. d 0 was calculated
by Z(PH)  Z(PF), where PH is the hit rate (i.e., the
probability in which the observer responds ‘‘target
present’’ in target-present trials); PF is the false-alarm
rate (i.e., the probability in which the observer re-
sponds ‘‘target present’’ in target-absent trials). Z(P)
is the inverse of the cumulative standard normal distri-
bution for probability P. If PH was 1 or PF was 0, it
was replaced by 1  1/2N or 1/2N, respectively (N is
the sample size).
In addition to repeated-measures analysis of variance
(ANOVA) performed on d 0 data, to separate the d 0
change caused by the disparity noise from that caused
by other factors (e.g., task diﬃculties speciﬁc to each
target type or each observer), we applied the signal-
detection model. In this model, detectability d 0 of a
stereoscopic target presented with disparity noise x
(disparity relative to the ﬁxation plane) is represented by
d 0 ¼ 2abð4a2 þ b2x2Þ1=2; ð1Þ
where a is target disparity relative to the ﬁxation plane,
and where b is the detectability of a target presented
with zero-disparity noise. See Appendix A. Since this
model assumes spatially parallel coding of depth, target
disparity a provides an estimate of the target depth that
is coded at the spatially parallel stages of visual process-
ing. The two free parameters, a and b, were estimated
with a non-linear least-square method.2.2. Results and discussion
Fig. 3 shows the mean d 0 as a function of noise dis-
parity, averaged over the eight observers. Three-way re-
peated-measures ANOVA was performed on the d 0,
with the factors of target type (disparity, phantom),
depth direction (near, far), and noise disparity (0 0, 8.8 0,
17.6 0). The two-way interaction between noise disparity
and target type out of all possible interactions was sig-
niﬁcant, F(2,14) = 9.82, p < .005. In addition, all the
three main eﬀects were signiﬁcant: d 0 was higher for
the phantom target than for the disparity target, and
higher for the near condition than for the far condition
[F(1,7) = 30.28, p < .001; F(1,7) = 12.58, p < .01, respec-
tively]. The main eﬀect of noise disparity was also signif-
icant, F(2,14) = 42.92, p < .0001. The main results are:
(a) the disparity noise was less disruptive for detecting
the phantom targets than for detecting the disparity tar-
gets; (b) search asymmetry in depth (i.e., easier searches
for near targets than for far targets) was obtained for
both the disparity and phantom targets.
By using the signal-detection model, we can describe
the results quantitatively. This model has two free
parameters, target depth and target detectability with a
zero-disparity noise plane. This model estimates the tar-
get depth that can be used for visual search by separat-
ing the eﬀect of disparity noise on detection performance
from the other factors. Best-ﬁtting curves for the data
pooled across the observers are shown in Fig. 3.
The analysis revealed that the estimated depths with
the pooled data were greater for the phantom targets
than for the disparity targets.4 For the phantom targets,
the estimated depths were 37.3 0 and 19.5 0 (near and far
conditions, respectively); those for the disparity targets
were 10.3 0 and 5.6 0 (near and far conditions, respec-
tively). These results are consistent with the idea that
the greater depth seen with phantom stereopsis improves
search performance. In addition, the nearly veridical dis-
parities estimated for disparity-target conditions (theo-
retical, 8.8 0) conﬁrm the validity of applying the
signal-detection model. The smaller estimated depth in
the far (i.e., uncrossed) disparity-target condition than
in the near disparity-target condition is consistent with
the relatively ineﬃcient processing of uncrossed dispari-
ties (e.g., Manning, Finlay, Neill, & Frost, 1987).
(a) (b)
Fig. 3. The mean detectability (d 0) averaged over the eight observers as
a function of noise disparity. Filled circles represent the near
conditions; open circles represent the far conditions. Error bars
represent standard error.
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estimated depths for the phantom-target condition, sug-
gesting that the detection of the phantom target is not
explained by binocular rivalry, luster (Wolfe & Franzel,
1988), or the unmatched features themselves. That is,
these alternative accounts cannot predict detection
asymmetry in depth (e.g., Landers & Cormack, 1997;
OToole & Walker, 1997). In addition, binocular rivalry
or luster cannot account for the dependence of d 0 on the
disparity noise. That is, if the rivalry explanation is cor-
rect, the detection of the phantom targets would be inde-
pendent of noise disparity, because the noise dots that
we used here were not rivalry stimuli.
As two reviewers pointed out, the detectability of the
far phantom target was higher than that of the disparity
targets, which requires a discussion. We interpret the re-
sult as a consequence of local depth signals from un-
matched features contained in each of the two vertical
bars, although they do not form a complete subjective
plane in depth. This interpretation was suggested by
three of our observers reporting an impression of depth
for the far phantom condition and by one of the four
observers in Gillam and Nakayamas (1999) experiment.
That is, even in the far (or invalid) phantom condition,
the early stereo system seems to generate a depth signal
from each of the monocular portions. Our view is con-
sistent with the results of previous visual search studies
with three-dimensional ﬁgures: some local features
(e.g., Y-junctions, Enns & Rensink, 1991; free line end-
ings, Rensink & Enns, 1998) imply a 3-D interpretation
and produce a rapid search even when they do not form
a complete 3-D object.
Before introducing Experiment 2, we will discuss and
then eliminate two alternative explanations for the higher
d 0s with phantom targets. Speciﬁcally, the two possi-ble explanations are: potential disparity and subjective
shape.
2.2.1. Potential disparity
One might argue that a phantom stereogram has a
disparity of potentially matched features: in our stimuli,
the monocular portions of the two vertical bars in the
target. That is, the monocular bars were separated by
1.51 (or 90.7 0), which could be detected by a dispar-
ity-based stereo mechanism sensitive to opposite-con-
trast stimuli (e.g., Edwards, Pope, & Schor, 1999;
Edwards & Schor, 1999). This disparity value was about
10 times larger than that of the disparity target (8.8 0)
and therefore could cause an easier search for the phan-
tom targets than for the disparity targets.
This disparity-artifact explanation, however, is not
valid because (a) no observer reported a depth near 10
times greater than that of the disparity target, and (b)
it cannot explain the search asymmetry for the phantom
targets. With regards to (b), the monocular elements in
the phantom conﬁguration can constitute a crossed dis-
parity in the far condition and an uncrossed disparity in
the near condition. Thus, if this explanation were cor-
rect, search for the phantom targets would be easier in
the far condition than in the near condition, because
of asymmetry in depth (observed in the disparity-target
conditions of Experiment 1 and in OToole & Walker,
1997). As can be seen in Fig. 3b, this prediction was
not supported by the present results. Consistent with
the case of the disparity targets (Fig. 3a), search for
the phantom target was easier in the near condition than
in the far condition.
2.2.2. Subjective shape
As noted in Section 1, with an unrestricted viewing
time a phantom surface (accompanying a subjective
shape) emerges when the geometry of binocular occlu-
sion is satisﬁed (the near condition in Experiment 1)
and disappears when it is not (the far condition) (Gillam
& Nakayama, 1999). One might therefore speculate that
the presence/absence of a subjective occluder is suﬃcient
to explain the easier search in the near condition than in
the far condition. If this shape-based explanation is cor-
rect, d 0 would be independent of the disparity of the
noise used in Experiment 1. As shown in Fig. 3b, how-
ever, this prediction was not supported by the results:
d 0 decreased with the increase of the disparity noise,
not only for the disparity targets but also for the phan-
tom targets. Therefore, the subjective phantom shape is
not suﬃcient to explain the present data.
To explain the results, we propose that early, spatially
parallel stereo processing has two sequential stages that
precede a higher-order, attentive stage. The ﬁrst stage is
assumed to consist of two sub-pathways for disparity
and unmatched features. Speciﬁcally, binocularly un-
matched features generate depth greater than the mini-
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monocular elements, independently of disparity coding
(i.e., at this stage, the greater depth seen with phantom
stereopsis is coded). At the second stage, depth signals
from disparity and from unmatched features are trans-
ferred to a single stereo-depth map where saliency
(e.g., Wolfe, 1994) is calculated. Except for the depth
magnitudes, this idea is consistent with Pianta and Gil-
lams (2003a) hypothesis that disparity and unmatched
features are processed by a common system. Based on
the output of the stereo-depth map, visual attention is
directed to a particular direction of the visual ﬁeld.
Experiment 1, however, is not suﬃcient for demon-
strating the existence of a common stereo-depth map:
one can think that depth from disparity is transferred
to one stereo-depth map, and depth from unmatched
features is transferred to another stereo-depth map. In
other words, separate, completely independent stereo-
depth systems could be involved in processing disparity
and unmatched features (such as for luminance and
color, Gegenfurtner & Kiper, 1992). Testing this sepa-
rate-system explanation is important because this expla-
nation can explain the higher d 0 for the phantom targets
presented with the disparity noise, without assuming
the greater depth seen with phantom stereopsis. That
is, one might think that the higher d 0 was obtained for
the phantom targets, because the phantom target was
processed by a system that is not inﬂuenced by the dis-
parity noise. Experiment 2, therefore, examined whether
or not the early stereo system has the common stereo-
depth map that receives depth produced by disparity
and that by unmatched features.3. Experiment 2
We used binocularly unmatched dots as stereo noise,
by presenting random dots to only one eye (Fig. 4).
We manipulated the width of the unmatched elements
and measured d 0 for the disparity and the phantom tar-Fig. 4. An example of a target-present display of the phantom-target
condition (element width, 17.6 0) in Experiment 2 for crossed fusers.gets. The widths were equated to the disparities used in
Experiment 1 (i.e., 0 0, 8.8 0, and 17.6 0).
If completely separate systems are involved in process-
ing the two depth-signals, detection of the target deﬁned
by one feature should not be disturbed by the noise de-
ﬁned by the other feature (Gegenfurtner & Kiper,
1992). Therefore, if unmatched features (inducing the
depth seen with phantom stereopsis) are coded by an-
other stereo system entirely independent of that for dis-
parity, the unmatched noise would be less disruptive for
the disparity target than for the phantom target. On the
other hand, if the early stereo system has a common ste-
reo-depth map which receives depth from unmatched sig-
nals as well as that from disparity signals, the unmatched
noise is expected to interfere with the detection of the dis-
parity target as well as that of the phantom target.
3.1. Method
3.1.1. Observers
Eight observers participated in Experiment 2. All
observers were naı¨ve as to the purpose of the experi-
ment. Two of them participated in Experiment 1. Writ-
ten consent was obtained from all observers. All had
normal or corrected-to-normal vision. Before the exper-
iment, to check the binocular fusion of the stimuli with
the stereoscope, observers were required to report
whether Nonius lines in the stimuli were aligned. Be-
cause two observers could not fuse the stimuli, they were
replaced by two alternate observers.
3.1.2. Apparatus, stimuli and procedure
The apparatus, stimuli, and procedure were identical
to those used in Experiment 1, except for the following.
Instead of the disparity noise, we used binocularly un-
matched noise comprised of 256 spatially distributed
dot elements (Fig. 4). For each trial, all dots were simul-
taneously presented for either of the left- or the right-eye
image of the search display. The height of the elements
was identical to that used in Experiment 1 (11.7 0 of vi-
sual angle); the width was 0 0, 8.8 0, or 17.6 0. In the
zero-width condition, no noise was presented.
To eliminate the disparity-noise components com-
pletely, we did not use interocularly anti-correlated dots
(i.e., matching dots having opposite contrast-polarity)
nor interocluarly uncorrelated dots. That is, the former
can create implicit disparity depth (Hayashi, Miyawaki,
Maeda, & Tachi, 2003), and the latter can cause acciden-
tally matching dots for disparity depth.
The exposure duration of the search display was con-
stant across observers (200 ms); this duration was
slightly longer than that used in Experiment 1, because
of task diﬃculty. All observers received at least two
practice blocks whose procedure was identical to that
of Experiment 1, and d 0 was measured only for the near
condition.
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Fig. 5a shows the mean d 0 as a function of the width
of the unmatched noise, averaged over the eight observ-
ers. Two-way repeated-measures ANOVA was per-
formed on the d 0, with the factors of target type
(disparity, phantom) and width of the unmatched noise
(0 0, 8.8 0, 17.6 0). The main eﬀect of width was signiﬁcant,
F(2,14) = 48.42, p < .0001; neither the main eﬀect of tar-
get type nor the interaction was signiﬁcant [F(1,7) = .08,
p > .7; F(2,14) = .41, p > .6, respectively].
The binocularly unmatched noise severely interfered
with the detection of both the disparity and the phantom
targets. This indicates that the early stereo system re-
ceives both disparity and unmatched features and rules
out the possibility that the higher d 0 for the phantom
targets observed in Experiment 1 is explained by sepa-
rate stereo systems for disparity and unmatched
features.
In addition, the results are consistent with the idea
that the higher d 0 for the phantom targets of Experiment
1 cannot be explained by the subjective shape of a phan-
tom occluder (Section 2.2.2). If the shape-based expla-
nation is correct, d 0 for the phantom target would be
high even when presented with the unmatched noise in
Experiment 2, because the unmatched noise does not
form any subjective shape. As shown in Fig. 5a, this pre-
diction was not supported by the results: d 0 was im-
paired by the unmatched noise.
One might consider an alternative account: the poor
d 0 obtained with the unmatched noise is due to dichoptic
masking (e.g., Bonneh & Sagi, 1999), in which interocu-
larly dissimilar patterns suppress each other. According
to this explanation, because one eyes image where the
noise was presented suppressed the other eyes image(a) (b)
Fig. 5. The mean d 0 (a) and criteria (b) averaged over the eight
observers as a function of the width of the unmatched noise. Filled
circles represent the phantom-target condition; open circles represent
the disparity-target condition. Fitting curves in (a) are based on the
same equation as that used in Experiment 1. Error bars represent
standard error.where no noise was presented, observers simply could
not see the binocularly deﬁned targets.5 Therefore, if
dichoptic masking causes the poor d 0s, both the hit
and false alarm rates should decrease compared to that
of the zero-width condition. We can assess this possibil-
ity by calculating changes in response bias (i.e., yes or no
responses increase). As a measure of response bias, we
used criterion c (Macmillan & Creelman, 1991), deﬁned
by [Z(PH) + Z(PF)]/2 (the symbols are the same as
those used in Section 2.1.5). If dichoptic masking results
in the poor d 0s, it would accompany a positive shift in c
relative to that of the zero-width condition (i.e., an in-
crease in no responses). The results, however, do not
support this explanation, because Fig. 5b shows a small
negative shift in c (i.e., the unmatched noise slightly
raised yes responses).4. General discussion
The present experiments show that the greater depth
seen with phantom stereopsis improves search perfor-
mance with a short-exposure display, suggesting that
the greater depth is coded at the spatially parallel stages
of visual processing. Therefore, whereas we agree with
Pianta and Gillams (2003a) idea in which the early
stereo system processes not only disparity but also un-
matched features, we conclude that the minimum-depth
constraint does not operate for phantom stereopsis at
the early stages of visual processing.6
Previous studies with a long-exposure-duration dis-
play suggested that depth signals from unmatched fea-
tures are suppressed if they are inappropriately
connected with binocular features (e.g., Cook & Gillam,
2004; Ha¨kkinen & Nyman, 2001; Nakayama & Shim-
ojo, 1990). This is consistent with the search asymmetry
in depth observed for the phantom-target condition in
Experiment 1. However, we think that the early stereo
system cannot ignore isolated or inappropriate un-
matched features, because the unmatched noise used in
Experiment 2 was disruptive to the search for stereo-5 However, a recent computational study (Hayashi, Maeda, Shim-
ojo, & Tachi, 2004) proposes that binocular rivalry is a consequence of
a depth-coding process for binocularly unmatched features.
6 A reviewer asked us about the relevance of another type of
stereopsis based on unmatched features, depth produced with a ‘‘sieve’’
stereogram (Howard, 1995). This stereogram consists of small,
binocularly rivalrous patches, which are always seen behind the
ﬁxation plane, and the depth magnitude is said to be smaller than the
minimum depth geometrically predicted by the width of the rivalrous
patches (Tsai & Victor, 2000). Although we have no uniﬁed explana-
tion for the variety of stereopsis based on unmatched features, one
possibility is that there are two diﬀerent mechanisms: (a) a mechanism
for generating the depth closer than the ﬁxation, and (b) that for
generating the depth farther than the ﬁxation. This view parallels the
idea about the diﬀerent mechanisms for crossed and uncrossed
disparities (e.g., Landers & Cormack, 1997).
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perceived depth. We therefore speculate that an atten-
tive mechanism suppresses depth from unmatched fea-
tures by comparing them with adjacent binocular
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version of this manuscript.Appendix A. Signal-detection model of search in depth
This model is a simpliﬁed and extended version of the
maximum-outputs signal-detection model (e.g., Eck-
stein, Thomas, Palmer, & Shimozaki, 2000; Palmer
et al., 2000). Internal response in the disparity (depth)
dimension caused by two noise planes (i.e., noise distri-
bution) is assumed to be a bimodal distribution com-
posed of the sum of two Gaussian distributions. Given
that each of the two Gaussians has the same standard
deviation s, and the two Gaussians are separated by dis-
parity x, the standard deviation of the bimodal distribu-
tion is (s2 + x2/4)1/2. If we assume spatially parallel
processing for depth, a signal-plus-noise distribution
can simply be expressed by the sum of the disparity-
noise distribution and a target-disparity signal a. Be-
cause detectability is a signal-to-noise ratio, detectability
for a target presented with zero-disparity noise, b, can be
represented by b = a/s. For a target presented with the
two noise planes, detectability d 0 is represented by
d 0 = a(s2 + x2/4)1/2. By eliminating s from the above
two equations, we obtain Eq. (1).
Because we are not concerned with the set-size eﬀect
in this study, the sum of internal responses from each
noise plane is assumed to be a Gaussian distribution.
This assumption diﬀers from that of typical signal-detec-
tion models of visual search (e.g., Eckstein et al., 2000),
in which the internal response from each item is assumed
to be a Gaussian distribution.References
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